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Smith, Michael Edward.  M.S., Department of Chemistry, Wright State University, 2011. 
Effects of crystal orientation on the dissolution of calcite by chemical and microscopic 
analyses. 
 
 The purpose of this work was to examine the effects of polished crystal-surface 
orientation and degree of solution undersaturation (        ) on the dissolution kinetics of 
calcite as a means of improving our understanding of fundamental reactions that may 
influence the efficacy of CO2 sequestration in geological formations.  Crystallographic 
surface orientations utilized in this study included ~ 1 cm
2
 areas of natural calcite 
specimens polished approximately parallel to the       plane, giving rise to surfaces 
with flat terraces with few steps, as well as fully kinked surfaces created by sectioning 
approximately parallel to the       plane.  Results from inductively coupled plasma 
(ICP-OES) and vertical scanning interferometry (VSI) investigations revealed how 
crystallographic orientations of calcite with higher initial surface morphologies were 
associated with greater Ca
2+
 release, greater surface retreat, and therefore, greater initial 
transient dissolution rates than those with lower initial surface morphologies.  However, 
both the ICP-OES and atomic force microscopy (AFM) results confirm that the effects of 
crystal orientation become minimal under long-term conditions since (1.) varyingly 
oriented calcite surfaces exhibited similar ―steady‖ rates and (2.) orientations with high 
initial reactive site densities developed lower energy morphologies.  Results from this 
study are significant for predicting long term calcite dissolution rates because they 
suggest the ―steady‖ dissolution rate of any calcite surface with any degree of initial 
surface energy will be similar to that of a surface with natively low surface energy.
iv  
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1.1.  Geologic CO2 Sequestration 
  Increasing concern about the impact of anthropogenic CO2 emissions on the 
global climate has accelerated the need to understand the geochemistry of geologic CO2 
sequestration (GCS).  GCS strategies involve injecting CO2 into reservoirs which 
typically exist at subsurface depths near 1 km 
1
.  Oil and gas reservoirs, coal beds, and 
deep saline formations are three primary types of reservoirs suggested for proper CO2 
storage, and all of the aforementioned reservoirs contain aqueous phases 
2
.  GCS involves 
trapping and injecting CO2 into the subsurface and storing CO2 underground by either 
hydrodynamic, solubility, or mineral trapping mechanisms 
3
.  In hydrodynamic trapping, 
injected CO2 is trapped as a gas or supercritical fluid beneath a low permeability cap 
rock.  Solubility trapping involves the dissolution of CO2 into a fluid phase including 
both aqueous brines and oil.  Mineral trapping methods involve storing CO2 as a solid 
phase in subsurface reservoirs either through the precipitation of carbonate minerals or 
CO2 adsorption onto coal 
3
.  One of the key requirements for the safe, long-term isolation 
of CO2 in the subsurface is the ability of subsurface environments (i.e. reservoirs and 
their respective storage mechanisms) to contain injected CO2 for long periods of time.  
However, interactions between injected CO2 and pre-existing aqueous phases within GCS 
reservoirs can potentially affect the ideal CO2 containment effort.   
1.2.  CO2/H2O/mineral interactions 
 For example, interactions between CO2 and water ultimately give rise to carbonic 
acid (Equation 1), as well as bicarbonate, and carbonate aqueous species through the 
dissociation of carbonic acid (Equations 2 and 3). 
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(Equation 1) 
 
            
           
       
(Equation 2) 
 
    
                  
       
(Equation 3) 
 
Therefore, the dissolution of calcite in water can be described as a reaction involving 
either CO2 (Equation 4 and subsequent     (Equation 5)) or H
+ 
(Equation 6 and 
subsequent     (Equation 7)).   
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Waters within GCS reservoirs, which have been chemically altered through interactions 
with injected CO2, can potentially cause undesirable leakage of CO2 from reservoirs 




.  Since free-phase CO2 is less 
dense than that of formation water, the potential for upward leakage in a GCS reservoir 
may also be enhanced due to CO2 buoyancy 
5
.  Given the fact that calcite is among one of 




 and potential CO2 




, there is a need for rigorous 
understanding of dissolution kinetic processes at calcite–aqueous solution interfaces.  
1.3.  Fundamental models for mineral dissolution   
 Mineral surface reaction processes (i.e. dissolution and growth) are typically 
perceived in terms of chemical events that occur on unique ―active‖ surface sites present 
on a crystal surface.  Considering a simple cubic crystal structure, the terrace-ledge-kink 
(TLK) model was developed by W. Kossel and I.N. Stranski 
7, 8
 to describe a variety of 
unique surface sites present on a crystal surface (Fig. 1, adaptation of figure from Morse 
et al. 
9
).  Utilizing the TLK model, Venables 
10
 described energetic relationships 
(Equations 8 – 10) between the sites that are most prevalent on a crystal surface, which 
are terrace, ledge, and kink sites.  In Equations 8 – 10, κ is the bond strength, and   is the 
sublimation energy per unit volume of the crystal, (i.e.          
 
     where   is a 
lattice parameter and division by 2 is to avoid double counting.    
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Figure 1. Schematic view of defects and unique surface sites present on a crystal surface:  (1) terrace 
atom; (2) terrace vacancy; (3) terrace adatom; (4) ledge atom; (5) ledge vacancy or “double” kink 
site: (6) ledge adatom; (7) single kink site.  This figure is an adaptation from Morse et al. 
9




Equations 8 - 10 state that terrace atoms have an extra energy ET per unit area with 
respect to bulk atoms due to terrace atoms having five bonds to the bulk instead of six.  
Similarly, ledge atoms have an extra energy EL over terrace atoms due to ledge atoms 
having 4 bonds to the bulk instead of 5, and kink atoms have energy EK relative to ledge 
atoms.  Therefore, kink sites are one the most energetic, (i.e. most reactive) site on a 
crystal surface.  Ledge sites, although less reactive than kink sites, are more reactive than 
terrace sites.  
 According to the BCF model for mineral dissolution proposed by Burton et al. 
11
, 
mineral dissolution reactions operate under either diffusion controlled or surface 
controlled mechanisms.  Dissolution processes first involve the adsorption of reactants 
onto a mineral surface and subsequent migration of reactants to ―active‖ sites (e.g. kink 
sites along a step edge).  Chemical reaction between the adsorbed reactant and solid 
mineral surface occur as bonds are subsequently formed and broken.  The products 
formed as a result of the dissolution process migrate away from the reaction site and 
desorption of the products to bulk solution finally occurs.  Dissolution reaction 
mechanisms are deemed ―surface controlled‖ when a chemical event such as bond 
breakage is the rate limiting step during the overall process.  However, when the 
diffusion of dissolved products into the bulk solution becomes the rate limiting step 
during dissolution, the process is deemed ―diffusion controlled‖.  
1.4.  Modern analytical techniques for quantifying mineral dissolution 
 Calcite dissolution studies have recently shifted from the determination of bulk 
reaction rates using traditional methods (e.g. ―pH-stat‖ and ‗free drift‖ experiments) 
12
, to 
the real-time observation of dissolution processes occurring on mineral surfaces via  
6 
 




).  The use of AFM 
permits direct nano- to micro- meter scale in-situ observation of mineral-water reaction 
processes occurring on single crystal surfaces and dissolution processes are monitored 
through topographic changes to the mineral surface over time.  Many AFM studies have 
examined the dissolution of       calcite surfaces by observing rhombohedral etch pit 
development (schematic representation in Fig. 2, an adaptation of figure from Shiraki et 
al. 
14
).   
 
Figure 2.  Schematic diagram of an etch pit on a (104) calcite surface (a), and cross sections of a side 
wall along the lines a-b (b) and x-y (c).  The c-axis is pointing out of the page.  This figure is an 




The dissolution of calcite on a       plane takes place primarily by ledge retreat at step 
edges nominally aligned on        and        directions.  Two nonequivalent and counter-
propagating steps along each of the        and        directions are exposed during etch 
pit formation.  One type of step,                 , has an acute angle (78°, Fig. 2(c)) 
because the step-edge atoms of the upper terrace overhang those below the step edge. The 
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other type of step,                 , is exposed opposite and has an obtuse angle (102°, 
Fig. 2(b)) and is therefore deemed an ―obtuse step‖ 
14
.  The spatially-resolved 
information provided by AFM studies has contributed to a deeper understanding of the 
fundamental controls of etch pit development on calcite surfaces, a physical characteristic 
that has been regarded as essential for evaluating calcite dissolution rates. 
 Vertical scanning interferometry is another modern analytical tool that 




).  VSI can measure the value of the rate (as dh/dt, i.e., the change of surface height 
with time) on any given part of any given surface with a lateral resolution of ~ 0.5 
microns 
15
.  Measuring rates of reactions between minerals and fluids via VSI has been 
regarded as an essential validating link to the near atomic scale observations made from 
AFM measurements since VSI methods are able to represent a more macroscopic 
determination of mean mineral dissolution rates 
15
. 
1.5  Parameters that affect mineral dissolution 
 Using both traditional and modern methods, many investigators have shown how 
the rates of mineral–fluid reactions depend on a wide variety of geologically important 
variables such as mineral structure, surface defects, the available reactive surface area, 
adsorbed ligands, concentration of dissolved CO2 (an implicit pH dependence), 
temperature, pressure, ion-specific effects, and fluid composition  (e.g. saturation state, 
( ), and ―foreign‖ ion effects) 1, 12, 15, 17-18.  Equation 11 is the most widely used 
relationship for describing mineral dissolution processes, where   is the dissolution rate, 
  is the rate constant for the dissolution process,   is the saturation state with respect to 
the mineral in question, and   is the reaction order. 
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(Equation 11) 
 
This work is primarily concerned with calcite dissolution processes, wherein the 





(aq), symbolized       and        respectively, divided by the 
solubility product of calcite,              (Equation 12). 
 
          
            




Equation 11 indicates that mineral dissolution processes are driven by solution 
undersaturation, i.e., dissolution is favored in lower saturation conditions (  < 1) but 
disfavored at higher saturation states (  > 1).  Previous mineral dissolution experiments 
(e.g. Bose et al. 
19
 who examined celestite dissolution and Xu et al. 
20
 who examined 
calcite dissolution) have indicated such phenomenon where mineral dissolution rates 
decreased with increasing   according to a non-linear function.  In terms of GCS, near-
equilibrium conditions are likely to occur in GCS environments; thus a rigorous 
understanding of the relationship of   dependency on calcite dissolution becomes 
important. 




) have been conducted to determine how parameters 
such as pCO2 and pH govern the mechanisms of calcite dissolution rates.  Results from 
such studies revealed that calcite dissolution rates were governed by diffusion controlled 
9 
 
processes at pH < 3.5, while surface controlled mechanisms of dissolution were observed 
at pH > 3.5.  Thus, when calcite dissolves in acidic solutions and the dissolution rate 
operates according to a diffusion controlled mechanism, the rupture of chemical bonds 
and subsequent detachment of molecules from the mineral surface is faster than the 
diffusion of reaction products through the mineral-water interface.  However, in the 
higher pH region, the dissolution rate is governed by surface controlled processes and the 
dissolution rate becomes heavily dependent on the surface topography and population of 
various reactive surface sites.  






, as well as phosphates and organic ligands 






.  The presence 
of foreign ions is generally believed to substantially restrict dissolution via ion 
attachment to active sites, such as kink sites, which ultimately causes step pinning or 
blocking.  For Mg
2+
, AFM experiments conducted by Xu et al. 
20





, negligible impurity effects were observed on calcite 




 at   ˂ 
0.2, inhibitory effects were not easily observed but at   ≥ 0.2, both the acute and obtuse 
steps ceased, indicating the significant influence of impurities such as Mg
2+
 on calcite 
dissolution.  Through in-situ AFM observations, Orme et al. 
24
 investigated the effects of 
chiral amino acids on calcite growth and proposed that enantiomer-specific binding of 
amino acids to calcite step edges changed the step edge free energies and modified the 
characteristic rhombic etch pit morphology. 
 The ion-specific, or ionic strength (IS) effect on mineral dissolution rates has been 




.  The ionic strength of a 
10 
 
solution is defined by Equation 13 where    is the concentration of the  
th
 species and    is 
its charge.  The sum extends to all ions in solution.  
 
    
 
 






The strong, long-range electric fields emanating from background electrolytes in solution 
reduce the activity of the mineral constituent ions due to charge screening and therefore, 
increase the solubility.  Thus, when considering purely thermodynamic effects, mineral 
dissolution rates increase with ionic strength due to the decrease in free energy of the 
reaction 
25
.    
1.6.  Scope of current project 
 Despite the previous examples describing important parameters that affect 
mineral dissolution rates, there is a significant lack of experimental data describing 
mineral reactivity as a function of mineral surface orientation, a relationship that could be 
important for predicting long-term dissolution rates.  The majority of mineral dissolution 
studies deal either with dissolution of a mineral powder with a complex ensemble of 
surface and bulk defects, dissolution on low-index (often cleavage) planes, or a combined 




).  Modern descriptions of mineral 
reaction rates generally stipulate a mineral surface composed of one type of reaction site 




).    Calcite has a variety of crystallographic planes and 
the density of terrace, ledge or kink sites found on a surface corresponding to a particular 
11 
 
plane will be drastically different.  For example, Fig. 3 (modification of Kossel crystal 
from Sunagawa 
29
 displays a rhombohedral calcite crystal with a variety of 
crystallographic planes with atomically smooth surfaces that vary in the densities of 
terrace, ledge, and kink sites.  It is obvious that the surfaces comprised by the      , 
      , and        planes are flat and dominated by terraces, while the surfaces 
corresponding to the       ,       , and       planes are stepped and dominated by 
ledges.  The surface comprised by the       plane features a surface that is fully kinked.    
 
Figure 3.  Crystallographic surface orientations that give rise to different densities of terrace, ledge, 




 Given the lack of site specificity in previous dissolution studies, the reactivity 
description of a mineral grain should include some knowledge of how dissolution rates 
vary with surface orientation since different crystallographic planes of mineral surfaces 
12 
 
are expected to vary in reactive site densities (i.e..terrace, ledge, and kink sites), and 






.  Furthermore, observed mineral dissolution rates integrate 
the reactivity of all the mineral faces including their defects at terraces,  ledges, kinks, 
and etch pits and since variations in reactive site density should exist between different 
mineral-surface orientations (Fig. 3), each of the surface micro-topographic features are 
likely to dissolve (or grow) at different rates 
31
.  Natural mineral surfaces, such as those 
located in GCS environments, may exist as grain boundaries and fractured surfaces which 
may have various surface orientations 
30
.  Thus, the study of dissolution rates as a 
function of mineral-surface orientation becomes necessary since the variability in 
crystallographic reactivity may influence the efficacy of GCS strategies, and analyses of 
such reactions may enhance the ability to predict long-term mineral dissolution rates.   
 The lack of experimental data describing mineral reactivity as a function of 
mineral surface orientation also perpetuates the lack of fundamental models describing 
the progression of such reactions.  The surface complexation model (SCM), developed 
and initially applied to calcite dissolution by Van Cappellen et al. 
32
, has been heavily 
utilized to understand mineral reactivity.  The central concept behind SCM is that water 
molecules and dissolved species form chemical bonds with exposed lattice-bound ions at 
mineral surface sites.  In SCM, water molecules are chemi-adsorbed to surface lattice 
ions that are under-coordinated.  The oxygen atoms of chemi-adsorbed water molecules 
fill the vacant coordination sites of the surface cations while the surface anions are 
stabilized by the transfer of dissociated protons from the chemi-adsorbed water 
molecules.  Therefore, it may be inferred from SCM that the number of hydrated surface 





.  Inferences from both SCM and TLK models suggests that surfaces with higher 
energy morphologies, (e.g. a       or       calcite surface) should, to some extent, be 
more reactive than those with lower energy morphologies (e.g. a       calcite surface).  
 In a previous study that examined dissolution rates as a function of mineral- 
surface orientation, Bisschop et al. 
30
 used a fluid cell atomic force microscope to 
examine in-situ dissolution behavior of polished calcite surfaces with orientations that 
were both parallel to the       cleavage plane, as well as those with a 5 ° miscut angle 
with respect to the aforementioned plane.  In their work, Bisschop et al. discovered that 
samples polished parallel to the       cleavage plane dissolved in deionized water to 
form etch-pits that originated from polishing defects while surfaces with 5° miscut 
orientations, dissolved under similar fluid conditions, formed micro-stepped or micro-
rippled surface patterns.  The development of the observed topography in miscut 
orientations was attributed to progressive bunching of retreating dissolution steps as well 
as surface energy driven recrystallization under transport limited conditions.  Since no 
apparent etch pits developed on miscut samples, Bisschop et el. concluded that 
dislocation density (i.e. small degrees of miscut) did not have a significant effect on 
calcite dissolution.   
 In this study, we characterize calcite dissolution reactivity as a function of 
crystallographic surface orientation and   in an effort to improve predictions of long-
term dissolution rates that may influence the efficacy of GCS strategies.  We also attempt 
to develop relatively simple models for mineral grain shape evolution during dissolution 
based on surface orientation.  Crystallographic surface orientations of interest included 
those of natural calcite specimens polished approximately parallel to the       plane, 
14 
 
consisting of flat terraces with few steps, as well as fully kinked surfaces created by 
sectioning and polishing approximately parallel to the       plane.  These calcite surface 
orientations will be referred to as r-plane (those with an ~       plane orientation), and 
c-plane (those with an ~       plane orientation).  The results of solution analyses from 
atomic emission spectra (ICP-OES) as well as image analyses from both atomic force 























2.1.  Sample preparation 
 Crystallographic surface orientations utilized in this study included those of 
natural calcite specimens sectioned and polished at varying degrees (e.g., 0 ° and 10 °) of 
sample rotation about the         zone axis (shown as line segment in top left of Fig. 4(a)) 
with respect to the       plane, as well as surfaces created by sectioning and polishing 
approximately parallel to the       plane (top right in Fig. 4(b)).   
 
 
Figure 4.  Crystallographic surface orientations of natural calcite specimens utilized for determining 
the effects of crystal-surface orientation and   on dissolution rates.  
 
Preparing samples in such a way would give rise to surfaces with low, moderate, and 
high surface energies (lower portions of Fig. 4(a) and 4(b) respectively).    
 Calcite crystals (Iceland Spar) from Chihuahua, Mexico were purchased from 
Ward‘s Natural Science Company and used throughout this study.  Initial preparation of 
both the r-plane and c-plane samples involved cleaving calcite crystals with a razor blade 
16 
 
to approximate dimensions of 1 cm x 1 cm x 1cm.  The r-plane  samples were prepared 
by placing cleaved crystals on one       plane in a 1 ¼‖ diameter molding cup while c-
plane samples were prepared by mounting calcite crystals in a vertical manner such that 
the crystallographic c-axis was approximately perpendicular to the bottom of a molding 
cup.  Orienting c-plane samples in such a fashion would give rise to surfaces 
approximately parallel to the       plane upon completion of polishing procedures.  
EpoHeat
TM
 resin and hardener were used as an epoxy to encapsulate calcite in a material 
suitable for mechanical grinding and polishing.  After pouring the epoxy into the sample 
cups containing calcite crystals in their desired orientations, the contents of the cups were 
allowed to cure for 90 minutes in an oven at 55 °C.  Samples were supported in reaction 
vessels using PFA tubing to create stilts (see Figure 5).  In addition to r-plane and c-plane 
samples, so-called ―surface blank‖ samples, which contained no calcite crystal, were also 
prepared in order to test for possible Ca
2+
(aq) adsorption effects to the epoxy. 
 All surface blanks, r-plane, and c-plane samples were subjected to a five step 
polishing sequence in order to achieve initial surface roughnesses on the nm-scale.  
Polishing sequences involved use of a MiniMet® 1000 mechanical polisher, caged 
specimen holder, pre-cleaned polishing bowls and glass platens, as well as 320 grit SiC, 
600 grit SiC, 6 µm and 1 µm polycrystalline diamond pastes, as well as  0.05 µm alumina 
suspension polishing materials.  Appropriate lubricants and abrasive pads were utilized 
during each abrasive step.  Further information regarding polishing procedures may be 
found in the supplemental materials section.  All samples were stored in a multi-




2.2.  Sample characterization 
Images of sample surfaces were taken with a digital camera mounted to a Leica 
S6D optical microscope to ultimately calculate the geometric surface areas of calcite 
upon completion of the final polishing step.  Geometric surface area is normally 
calculated from the crystal dimensions ignoring surface roughness of the crystal.   All 
geometric surface areas were calculated using calibrated digital photographs of calcite 
samples and Heron‘s formula.  In this work, small portions of hot glue were placed on the 
surfaces of calcite crystals prior to dissolution to serve as the reference surface for VSI 
measurements.  The areas of the glue spots were not taken to account when calculating 
calcite surface areas since preliminary calculations revealed that typical areas of glue 
spots covered less than 5% of the total area of polished calcite.  Given the imprecise 
mounting procedures for c-plane samples, small degrees of tilt with respect to the c-axis 
( ) and rotation about the c-axis ( ) should arise.  In order to quantify the parameters   
and  , a mathematical model was developed by utilizing measureable parameters of the 
exposed triangular plane of c-plane samples to establish the normal direction of the 
aforementioned plane in relation to the direction of the c-axis, and the rotation of the 
plane normal about the c-axis.  The derivation of this model can be found in the 
supplementary materials section.  The calculated surface areas for all samples used in 
dissolution experiments as well as the values of   and   for c- plane samples are 
summarized in Table 1.   
 Samples were also characterized with a Molecular Imaging PicoSPM II AFM 
operating in contact mode to quantify topographic features after completion of polishing 
sequences and after exposure to experimental solutions.  Silicon cantilevers 
18 
 
(Nanosensors, force constant of 0.02 – 0.77 N/m) were utilized in all AFM imaging 
images.  
 
Table 1. Calculated values of   and   for c-plane samples (see supplemental 
material for information) as well as the calculated geometric surface areas for c-
plane and r-plane samples used in dissolution experiments using Heron’s formula.    
Sample label   (degrees)   (degrees) Geometric surface area (cm2) 
 c-A   2.3 ± 0.2  18.9 ± 0.1 0.43 ± 0.01 
 c-B 11.6 ± 0.2 28.9 ± 0.1 0.41 ± 0.01 
 c-C 21.4 ± 0.3 59.2 ± 0.1 0.50 ± 0.02 
 c-D 16.6 ± 0.2 33.6 ± 0.1 0.48 ± 0.02 
 c-E   6.1 ± 0.3 57.7 ± 1.0 0.47 ± 0.01 
 r-A — — 0.70 ± 0.02 
 r-B
*
 — — 0.92 ± 0.02 
 r-C — — 1.00 ± 0.02  
 r-D — — 1.02 ± 0.02 
 r-E — — 1.17 ± 0.03 
 r-F — — 0.88 ± 0.02 
 
*
 r-B was deliberately tilted by 13  ± 3 °. 
 
2.3.  Aqueous solution preparation 
 Preparation of aqueous solutions used for all experiments involved the use of 
Milli-Q water (18.2 MΩ cm) and reagent grade salts of NaCl(s), NaHCO3(s), and 
CaCl2·2H2O(s).  Solutions were subsequently stirred and allowed to equilibrate with 
ambient CO2 (pCO2 = 3.8 x 10
-4
 atm) in a constant temperature bath set at 20.2 ± 0.1 °C.  
The amounts of salts added to a particular solution were dependent upon the desired 
saturation state with respect to calcite,  , upon solution equilibration with ambient CO2.  
Visual MINTEQ software was utilized to determine      ,      , and   values, and to 
calculate the theoretical pH of all solutions upon equilibration with CO2 at the specified 
19 
 
temperature.  A calibrated pH probe was used to measure the pH of all solutions in order 
to verify that the pH calculated from MINTEQ software for a particular solution agreed 
with the experimental pH.  The experimental pH of all solutions that were allowed to 
equilibrate with ambient CO2 maintained a steady pH value after ~ 10 hours.   Results 
from MINTEQ calculations for various solutions used in calcite dissolution and Ca
2+ 
adsorption experiments are listed in Table 2.  NaCl was the main component contributing 
to the ionic strength in the solutions described in Table 2 so that calcite dissolution was 
studied using varied surface orientation and  , at constant ionic strength.  While 
calculating   using the software, the value of 10 -8.45 was used for              at 20.2 ± 
0.1 °C.  The values of     for the formation reactions of various solution species that 
affect calculation of   are listed in Table 3.      
 
Table 2.  Composition data for various aqueous solutions used for calcite dissolution 
and adsorption experiments.  
Exp.          Mass of  Mass of Mass of Calculated
*
 Measured   
 at 20.2 °C CaCl2⦁2H2O (s) NaHCO3 (s) NaCl(s) pH @ 20.2 °C  pH @ 20.2 °C 
  
 A 0.13 0.0510 0.0860 5.8429  8.08 7.99  
 B 0.17 0.0669 0.0860 5.8637  8.09 7.96  
 C 0.21 0.0672 0.0959 5.8503  8.13 8.14   
 D 0.47 0.1925 0.0850 5.8486  8.08 7.97   
 E 0.70 0.3001 0.0842 5.8428  8.07 7.98   
 F 0.84 0.3364 0.0878 5.8468  8.08 8.00 
   
Masses of CaCl2⦁2H2O, NaHCO3, and NaCl salts are presented in terms of grams of salt per kg H2O. 
* 
Indicates the theoretical pH of solution upon equilibration with ambient CO2 (pCO2 = 3.8 x 10
-4
 




Table 3.  Values of Keq for the formations of various aqueous species at 25 ° C 
provided in the Visual MINTEQ database. 






















NaHCO3  10.03 






Trace divalent cation impurities in calcite crystals and an experimental solution (  = 
0.84) were examined with the use of a Varian 710 inductively coupled plasma optical 
emission spectrometer (ICP-OES).  Results from trace metal analyses are summarized in 
Table 4. 
 




Sample Mg Sr Ba Fe Mn Cu Ni Zn Pb Co 
Sol. F (  = 0.84) 6.21 24.9 — — 21.4 — — 2.28  7.82 —  
Calcite crystal
 
4604 131 5.6 81 168 1.37 0.41 0.19 — — 
 
*
Trace metal concentrations in calcite crystal are shown in terms of mole fractions,       
  x 10
6
, and 
concentration units for impurities in aqueous solution are ppb.  “—” indicates concentrations below 





2.4.  Experimental apparatus 
 Initial assembly of the experimental apparatus involved inserting PFA tubing into 
the pre-drilled holes in the outer epoxy molds such that they could stand erect on the 
bottom of PFA beakers.  Aqueous solutions with defined   values (Table 3) were 
dispensed into PFA beakers with a 40 mL volumetric pipette.  Multiple samples were 
placed inside a water bath which was maintained at 20.2 ± 0.1 °C through the use of a 
copper coil temperature controlled refrigeration system (see Fig. 5).  The stir rate was 
fixed at 400 rpm during all experiments and Teflon-coated stir bars were used for stirring.  
When taking aliquots of solution, air-dispensing micropipettes were used to sample 
approximately 100 µL of liquid.  The mass of the aliquot was measured using an 
analytical balance and the recorded masses were used in subsequent analytical 
determinations.  Assuming that the densities of all solutions used in calcite dissolution 
and adsorption experiments were equal to 1.00 g/mL, the precise volume of the aliquot, 
in mL, was taken to be equal to the mass of the aliquot in grams.  All aliquots were 
diluted in pre-cleaned volumetric glassware with 5% (by mass) trace metal grade HNO3. 
 





2.5 .  Dissolution rate determinations 
2.5A.   ICP-OES experiments 
 Dissolution rates for all samples were determined chemically by atomic emission 
spectroscopic analyses based on the amounts of Ca
2+
 released in experimental solutions 
over time.  Plots of [Ca
2+
], determined from atomic emission intensities for aliquots of 
fluid taken at time t, would reflect chemical information pertaining to dissolution rates for 
the calcite surfaces of interest.  A Varian 710 Inductively Coupled Plasma Optical 
Emission Spectrometer (ICP-OES) was used for all Ca
2+
 determinations.  Standards of 
50, 100, 200, and 500 ppb Ca
2+
(aq) concentrations were prepared from 100 ppm multi-
element standard stock solution and were used to generate calibration curves from the 
ICP-OES software, and the emission wavelength of 396.847 nm was chosen for all 
solution analyses.  Equation 14 was used to calculate the number of moles of Ca
2+
 
released in solution per unit surface area at time t where  [Ca2+] is the difference 
between the measured Ca
2+
 concentration at time t and at t = 0, Vt is the total volume of 
solution present at time t, and A is the calcite surface area.   
  





Therefore, dissolution rates for the calcite surfaces of interest were ultimately determined 




) vs. time profiles to provide dissolution rates in the 
typical units of mol/cm
2




2.5B.  VSI experiments 
 Images of post-reacted surfaces taken with a Veeco NT3300 vertical scanning 
interferometer (VSI) facilitated a second, independent calculation of calcite dissolution 
rates for the surfaces of interest.  This experimental approach is similar to that of 
Arvidson et al. 
13
 where a small portion of the calcite surface is masked (i.e. remains un-
reacted) to provide a reference surface to calculate a relative height change after 
dissolution.  VSI images portraying the masked and reacted regions of calcite samples 
allowed for simple calculation of the dissolution rate for the surfaces of interest.  The 





   
   
(Equation 15) 
 
where  h is the difference in height between masked and reacted calcite surfaces,  t is 
the total time for the dissolution run,   
   is the molar volume of calcite, and r is the 








3.  RESULTS AND DISCUSSION 
3.1.  ICP-OES determined rates 
 Results from various surface blanks, r-plane, and c-plane samples exposed to 
solutions with defined   values at constant temperature are presented in Figure 6.  At 
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every  , surface blank samples demonstrated appreciable losses of Ca2+ over 
approximately the first few hours of sample exposure to aqueous solutions (Fig. 6(a)) and 
these losses were attributed to Ca
2+
 adsorption onto epoxy surfaces.  Minimal amounts of 
Ca
2+
 were adsorbed onto the walls of the PFA beakers used in the experimental apparatus 
since the profile of the ―beaker blank‖ (―◊― in Fig. 6(a)) exhibited a nearly constant 
[Ca
2+
] over time with no apparent loss of Ca
2+





remained nearly constant in the region of t ≥ 20 hours for each surface blank sample, and 
these nearly constant concentrations were denoted         
 .   
 The profiles in Fig. 6(b) were corrected for Ca
2+ 
losses due to adsorption while 
those in Fig. 6(c) are uncorrected.  The adsorption corrections were accomplished firstly 
by employing equation 16, where         
 ,           , and    
      
   values represent 
the ―equilibrium‖ (or nearly constant) [Ca
2+
] observed after adsorption processes, the 
initial [Ca
2+
] concentration, and the  total amount of Ca
2+
 adsorbed (i.e. lost) during a 
surface blank experiment conducted at an initially defined   at constant temperature. 
 
         
                
     
   
(Equation 16) 
Once calculated from Equation 16,          
  values were added to the         term in 
Equation 14 in order to make the final correction for the amount of Ca
2+ 
lost from 
adsorption (Eq. 17).   Equation 17 was applied to all data points where t  > 0 in Fig. 6(b).  
Since a surface blank experiment was not conducted at   = 0.17,          
      was 




                  













Figure 6.  [Ca
2+
] (ppm) vs. time profiles for surface blank samples (a), as well as  Ca
2+
 release vs. time 
profiles for r-plane and c-plane experiments run at   = 0.13, 0.17, 0.21 (b). and 0.47, 0.70, and 0.84 
(c).  The  “◊” symbol in Fig. 6(a) indicates data from a “beaker blank” experiment which solely 
contained aqueous solution (i.e., no epoxy material was present).  
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 ―Steady‖ dissolution rates were observed for all r-plane and c-plane samples after 





) vs. time plots  in the region where data appear to 
follow a linear trend.  Results from ―steady‖ rate determinations are summarized in Table 
5 and the trend demonstrates how c-plane and r-plane orientations exhibit similar 
―steady‖ dissolution rates.  The adsorption corrections from Equation 17 for the plots in 
Fig. 6(b) do not affect the ―steady‖ rate calculations in Table 5, but do factor into the 
comparison between initial rates as well as the total amount of Ca
2+
 released per unit area 
for the surface orientations of interest.  For example, after surface blank correction and 
normalization to surface area, it is apparent from the experiments run at   = 0.13 an 0.21 
that c-plane orientations were associated with greater Ca
2+
 releases in comparison to 
those with r-plane orientations (see Fig. 6(b)).  This result suggests that the transient 
dissolution rates of c-plane surface orientations are greater than those with r-plane 
orientations.  However, a quantitative comparison between the differences in transient 
dissolution rates based on surface orientation across the entire experimental   range is 
difficult due to the observed adsorption phenomenon, particularly at higher  .  The 
adsorption corrections in Fig. 6(b) may inaccurately reflect the actual difference between 
transient dissolution rates, thus; a quantitative comparison in transient rates was not 
attempted from ICP-OES data. 
 The observed Ca
2+ 
adsorption phenomenon during dissolution reactions suggests 
that the ―steady‖ rates may be affected by adsorption processes.  Statistical analyses of 
raw ICP-OES data (i.e. that which accounts for the bulk [Ca
2+
] present in the PFA beaker, 
and that which was not altered by any surface blank correction) from both surface blank 
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and calcite dissolution experiments were done to estimate the effect of adsorption on 
―steady‖ rates.  In doing so, values of          
  for the surface blank experiments were 
first calculated based on Equation 16.  Results of such calculations revealed Ca
2+
 losses 
of  0.47 ± 0.02 ppm, 3.29 ± 0.46 ppm, 3.05 ± 0.98 ppm, and 17.41± 0.85 ppm for 
        
      ,         
      ,         
      , and         
       respectively. The fraction of 
Ca
2+
 adsorbed during a surface blank experiment conducted at an initially defined   at 
constant temperature, (i.e.       
   
 
) was then calculated by Equation 18. 
 
      
   
 
 
         
 




Application of Equation 18 revealed fractional Ca
2+ 
adsorptions of  0.04 ± 0.01, 0.18 ± 
0.03, 0.06  ± 0.02 %, and 0.17 ± 0.01 for           
       ,          
       ,           
       , 
and       
   
       
 respectively.  Finally, the maximum changes in ―steady‖ rate slopes 
(     ) were estimated by applying Equations 19 and 20 where          
   
represents the change in the number of moles of  Ca
2+
 from initial to final states during a 
dissolution experiment (i.e.            
     are the final and initial concentrations of 
Ca
2+ 
while   and   are initial and final volumes of aqueous solution).  The geometric 
surface area of calcite used in a dissolution experiment is denoted ( ) while        is total 







                             
         
(Equation 19) 
 
      
       
   
 
               




Results from calculations involving Equation 20 revealed        values that ranged 








/s  for experiments run at   = 0.13 and 
0.21.  However, the experimental uncertainties in the ―steady‖ rates for the 

















/s for (c-B).  Given the fact 
that the values of            
        and           
        (0.04 ± 0.01, 0.18 ± 0.03) 
encompass the largest range of fractional Ca
2+
 adsorbed during a surface blank 
experiment, and the fact that the experimental uncertainties in calculated ―steady‖ rates 
exceed the estimated maximum variations in ―steady‖ rate slopes, Ca
2+ 
adsorption during 
dissolution processes was believed to minimally affect ―steady‖ rate calculations. 
 Due to the uncorrected nature of the profiles in Fig. 6(c), competing kinetic 
effects between Ca
2+
 losses (through adsorption) as well as Ca
2+
 generation (through the 
dissolution of the calcite surface) are evident. The ―steady‖ rate determined for sample c-
D (which was exposed to aqueous solution with   = 0.70) was calculated based on ICP-
OES data in the region of time where ~ 45 ≤ t ≤ ~ 200 hours since a new ICP-OES 
nebulizer was installed for data collected at t ~ ≥ 200 hours.  Since the new nebulizer 
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gave rise an unexplained shift in the apparent solution composition despite recalibration, 
the data collected for the   = 0.70 c-plane experimental run at t ~ ≥ 200 hours was 
regarded as invalid.  The ―steady‖ rates determined from experiments run at   = 0.84 
reflected negligible dissolution rates.  These observations could be due to the fact that 
small quantities of calcite precipitated during the experimental runs after ~ 20 hours of 
sample exposure to aqueous solution.  The observed precipitation of calcite during these 
particular experiments may stem from the uncertainty in the value of              
(implicit uncertainty in  ) in which the real value of   may be closer to saturation than 
the value calculated by Visual MINTEQ software.   
 Although c-plane orientations were associated with greater transient dissolution 
rates and greater Ca
2+
(aq) release per unit area (see Fig. 6(b)) in comparison to r-plane 
orientations, results from ICP-OES analyses suggest that varying crystal-surface 
orientation minimally affects long-term calcite dissolution kinetics since both orientations 
exhibit comparable ―steady‖ dissolution rates across a wide   range (Table 5,  Fig. 6(b) 
and 6(c)).   
3.2.  VSI determined rates 
 Fig. 7 portrays exemplary VSI images and corresponding height profiles used to 
calculate the mean dissolution rates of various r-plane and c-plane samples exposed to 
solutions at   = 0.13, 0.21, and 0.45.  Results of mean dissolution rate calculations based 
on Equation 15 for all of the samples utilized in this study are summarized in Table 6 and 
the general trend exhibits c-plane orientations being associated with greater surface 
retreats.  This trend is more pronounced in low   regimes (i.e.   ≤ 0.21) but more subtle 
in higher   regimes (i.e.   ≥ 0.47).  For instance, there was significant surface retreat (~ 
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8 μm) for the c-plane sample run at   = 0.13 (Fig. 7(a)).  However, the r-plane sample 
exposed to an aqueous solution at the same   value for approximately the same time 
duration, (Fig. 7(c)), exhibited a surface retreat of ~ ½ that of the c-plane sample.  
Similarly, for experiments run at   = 0.21, the surface retreat for the r-plane sample was 
~ ¾ μm that of the c-plane sample (see Fig. 7(c) and 7(d)).  The VSI results suggest that 
the mean dissolution rates of c-plane orientations are larger than that of r-plane 
orientations.  These results corroborate the observations found in Fig. 6(b) where the total 
Ca
2+
 release from c-plane samples was greater in comparison to those with r-plane 
orientations. 
 When solely considering the effects of  , it is evident from the height profiles in 
Fig. 7 that the mean surface retreat decreases with increasing   for both orientations.  
The height profiles in Fig. 7 also reveal how the dissolution rate of calcite decreases 
dramatically when exposed to aqueous solutions with an   value near 0.50.  For example, 
images (e) and (f) in Fig. 7 portray height profiles for c-plane and r-plane samples, 
respectively, exposed to an aqueous solution with   = 0.47.  The duration of both of 
these experiments was ~ 400 hours.  Comparing the amounts of surface retreat at   = 
0.47   with lower   experiments, (e.g. those from images (a) — (d) in Fig. 7, i.e.   = 
0.13, and 0.21), the amount of surface retreat is much smaller for the experiments at   = 
0.47 over much longer sample exposure to aqueous solution.  This result demonstrates 













Figure 7.  VSI images and corresponding height profiles of various post-reacted r-plane and c-plane 
samples.  Images represent regions where    terms were calculated using SPIP software to calculate 
mean calcite dissolution rates (mol/cm
2
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Table 5.  VSI, and ICP-OES determined dissolution rates for various r-plane and c-plane 
samples exposed to solutions with various  -values at 20.2 ± 0.1 °C. 
      VSI determined rate ICP-OES determined rate 














Sol.   used     
   r-plane  c-plane r-plane  c-plane r-plane c-plane  
  
A r-A/c-A 0.13 7.3 ± 0.3 15.1 ± 0.4 20 ± 1  41 ± 1 16 ± 3 18 ± 5  
B r-B
*
 0.17 8.5 ± 0.8 — 23 ± 2      — 10 ± 1 — 
C r-C/c-B 0.21 4.5 ± 0.3 6.4 ± 0.2 12 ± 1  17 ± 1 6 ± 1 8 ± 2  
D r-D/c-C 0.47 0.43 ± 0.02 0.58 ± 0.02 1.2 ± 0.1 1.6 ± 0.1 2 ± 1 2 ± 1 
E r-E/c-D 0.70 0.26 ± 0.01 0.28 ± 0.04 0.72 ± 0.01 0.8 ± 0.1 2 ± 1 1 ± 3 
F r-F/c-E 0.84 0.04 ± 0.05 0.04 ± 0.03 0.1 ± 0.1 0.1 ± 0.1     1 ± 1 0 ± 7 
 
*
 r-B was deliberately tilted by 13 ± 3 °. 
 
3.3.  Effects of   and crystal orientation on dissolution kinetics 
 Visual MINTEQ software was utilized to approximate the change in   (i.e.   ) 
from ICP-OES data over the course of all experiments conducted with initially defined   
values (i.e.   ) (see supplemental material for more information).  Results from such 
approximations revealed significant    values for experiments at low    (e.g. those 
from Fig. 6(b)) while    values at higher    (e.g. those from Fig. 6(c) were negligible.  




/s) vs.   determined from a variety of procedures is 
presented in Figure 8.  Since the values of    were significant at low    experiments, 
both the ―steady‖ rates, as determined in Fig. 6(b), and VSI-determined rates for these 
particular experiments were not plotted in Fig. 8.  To portray the relationship between 
dissolution rate and   for low    experiments in Fig. 8, data in the ―steady‖ rate region 
from the profiles in Fig. 6(b) were split into three subsequent sets of data (as seen in the 
inserted plot in Figure 8) and the rates during these shorter intervals were calculated 
according to Equation 14 and denoted          .  The x-error bars in Fig. 8 stem from the 
standard deviations in   taken over the range of data utilized for calculating          .  
34 
 
Since   did not change drastically during dissolution processes for the experiments 
where     ≥ 0.47, the respective values of ―steady‖ rate and VSI-determined rate (denoted 
RVSI) for the aforementioned     range were utilized in Fig. 8. 
 Fig. 8 demonstrates a non-linear trend in calcite dissolution rate as a function of 
 .  Mineral surface reaction kinetics have been known to be influenced by  , affecting 
both nucleation of etch pits and dissolution at step edges 
19
.  For example, with the use of 
a fluid cell AFM, Bose et al. 
19
 observed a similar trend with respect to   in which the 
dissolution step speeds of celestite decreased non-linearly with increasing   .  Using 
similar AFM experimental methods, Teng 
34
 observed a decrease in etch pit density when 
exposing       calcite surfaces to experimental solutions with increasing  ,  The rate 
data shown in Fig. 8 do not extrapolate to a dissolution rate of zero at   = 1, as suggested 
by Equation 11.  Therefore, the rate data in the in the region from 0.23 ≤   ≤ 0.44 was fit 
to a function similar to that utilized by Xu et al. 
1
,          , where   is the 
dissolution rate,   is the dissolution rate kinetic coefficient, and    is the saturation state 
at which the dissolution rate extrapolates to zero.  Equation 11 was employed to fit to 
data from 0.44 ≤   ≤ 0.84 in Fig. 8.  In the region where     0.45, rates decreased 
dramatically while rates decrease more subtly in the region of ~ 0.45 ≤   ≤ 0.84.  The 
sudden change in calcite dissolution rate dependency on   occurred in the region where ~ 









/s) vs.          for r-plane and c-plane samples determined 
from ICP-OES and VSI measurements.  Green, red, and blue data points are based on rate 
determinations from Visual MINTEQ-based   approximations. Black symbols “ ”, and “□”, 
represent VSI-based rate data for c-plane and r-plane samples, respectively, while black symbols  
“∇”, and “○” represent “steady” rate data for c-plane and r-plane samples, respectively. 
 
3.4.  Morphology 
 Fig. 9 contains AFM and VSI images portraying r-plane and c-plane calcite 
topography before dissolution experiments, (a) and (e), as well as after dissolution 
experiments, (b) — (d) and (f) — (h).  Dissolution reactions gave rise to apparent 
changes in both the macro- and micro-topographic appearances of r- plane and c-plane 
samples.   Both of the pre-dissolution images in Fig. 9 (e.g. images (a) and (e)) have 
relatively flat topographies with linear scratched features stemming from polishing 
36 
 
procedures.  AFM analyses of multiple r-plane and c-plane samples prior to dissolution 
experiments revealed root mean square (RMS) roughnesses that ranged from 7.9 – 40.6 Å 
over a 100 μm X 100 μm image scale, indicating that samples had consistently small 
initial surface roughness before experiments.  Views of reacted samples under a low-
magnification optical microscope revealed noticeable etch pits yet much smoother 
topographies for r-plane samples in comparison to c-plane samples which were rougher 
and had an appearance similar to etched glass.  Comparing the line profiles between 
images with r-plane and c-plane orientations in Fig. 9 revealed much rougher surface 
topography for c-plane samples. 
 The development of microscopic triangular etch pits was apparent for a majority 
of samples with c-plane orientations (e.g. Fig. 9(b) and 9(c)). The AFM image in Fig. 
9(d) does not exhibit distinct triangular etching features which is likely due to the fact 
that the amount of surface retreat for this particular c-plane sample was quite small over ~ 
400 hours of sample exposure at   = 0.47 (see Fig. 7(e))  The lack of apparent triangular 
etch pits in Fig. 9(d) may be due to the insufficient amount of time allotted for the surface 
to develop triangular etch pits or the saturation state may have been too high to provide 
proper etch pit development.  Since r-plane and c-plane samples exhibited similar 
―steady‖ dissolution rates at every   (Table 5, Fig. 6(b) and 6(c)), we measured the slope 
of the triangular pit walls from the AFM images in Fig. 9(b) and 9(c) to determine if this 
observed microscopic triangular morphology developed into approximate       
microfacets during long-term dissolution, i.e. a morphology that is less energetic than the 
























Figure 9.   AFM and VSI images characterizing r-plane and c-plane calcite topography before 
dissolution experiments, (a) and (e), and after dissolution experiments, (b) — (d) and (f) — (h).  
Images (a) — (d) have c-plane orientations while (e), (f) and (h) have r-plane orientations.  Image (g) 




The measurement of the slope of triangular pit walls was done by taking numerous line 
profiles of triangular pits from 100 µm X 100 µm AFM images (e.g., Fig. 10(a)) and 
calculating the slope of the pit wall, denoted mp (e.g., Fig. 10(b)).  With the macroscopic 
sample plane oriented parallel to the image plane, the angle between the sample plane 
(nominally      ) and the pitwall (  ) was calculated according to Equation 21. 
 
      




Figure 10.  AFM image of post-reacted sample c-E exhibiting regions where line profiles were 
utilized to calculate   .  The plot in (b) represents the height profile obtained from the orange line in 
(a)  The linear fit (denoted as orange line in (b) represents the portion of the height data utilized for 
calculating   . 
Averaged results from multiple line profiles revealed    = 36 ± 4 ° and 37 ± 4 ° for 
samples c-A and c-E, respectively.  The angle of the tips of the silicon cantilevers used 
40 
 
during AFM analyses was reported by the manufacturer to be nominally 25°, which did 
not interfere with measurements of   .  The calculated tilt angles,  , for samples c-A and 
c-E were 2.3 ± 0.2°  and 6.1 ± 0.3° respectively (refer to Table 2) and were therefore 
concluded to have minor contributions to the calculation of each respective    value.  
Taking into account these contributions, the values of    calculated for samples c-A and 
c-E are comparable to the angle between the       and       crystallographic faces of 
calcite, 40.5 °, reported by Wyckoff 
35
.  This result demonstrates how c-plane samples 
developed microfacets with an orientation close to       during dissolution.  Given the 
similarities in ―steady‖ (i.e. long-term) dissolution rates between calcite surfaces with 
varying surface orientations, and the development of the approximate (104) microfacet 
morphology in c-plane samples,  we demonstrate how the eventual effects of calcite 
surface orientation become minimal under long-term conditions since calcite surfaces 
with higher energy morphologies, (i.e. c-plane samples) will tend to dissolve at a rate 
similar to, and develop microscopic morphologies similar to those with lower initial 
surface energies (i.e. r-plane samples). 
 Post-dissolution topography in Fig. 9(c) exhibits a vicinal surface with forced 
obtuse step edges.  The step edges are likely a result of step bunching processes.  The 
―finger-like‖ features are likely due to small degrees of rotation about the        axis 
during sample preparation.  The angle of miscut of sample r-B was calculated firstly by 
tilting the AFM image such that the flat terraces were in the plane of the image.  The 
slope of the AFM height data was then utilized to calculate the miscut angle (see 
supplemental material for AFM image), which turned out to be 13 ± 3 ° about the         
zone axis.   
41 
 
3.5.  Proposed models for calcite dissolution based on crystallographic surface 
orientation 
 Proposed models for the progression of micro-topographic features in calcite 
surfaces with       and vicinal r-plane orientations are demonstrated in Fig. 11.  The 
short term dissolution conditions in Fig. 11 portray (1.) the native, highly kinked surface 
morphology of a c-plane surface, and (2.) the native, stepped features of a vicinal r-plane 
surface.   These native morphologies are idealized, ignoring polishing-related features, 
such that the crystal surface is assumed to exhibit native morphology during short term 
dissolution conditions (i.e. that which is highly kinked, or highly stepped).   
 For the       morphology progression, the intermediate condition shows the 
initial development of triangular pits along linear defects (dashed lines in Figure 11) 
within the crystal as steps retreat toward the linear defect (indicated by red arrows).  The 
long-term condition displays the development of low energy (i.e. ~      ) microfacets 
(as seen in the AFM images in Fig. 9(b), 9(c) and 9(g)).  Since most of the data for c-
plane samples in Fig. 6(b) and Fig. 6(c) portray similar ―steady‖ rates after ~ 45 hours, 
we propose that a completion of the facetted surface is obtained some time after ~ 45 
hours of dissolution.  
 While observing the dissolution of       brucite surfaces via scanning force 
microscopy, Jordan 
36
 reported how step interactions influence mineral dissolution rates 
via the detachment of dissolution units onto the crystal surface rather than diffusion of 
reactants or products into the liquid near the surface.  An early study 
37
 on step 
interactions on single crystal surfaces led to an expression for the free energy of a 
surface,     , Equation 22, where   is the local step density of the surface,  
 
    is the 
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surface free energy of a flat terrace,  
 
   is the free energy of an isolated step, and  
 
    
is the step interaction energy, respectively.   
 
        
 
     
 
      
 




There is a general consensus that step interaction,  
 
   , is the most important term 
governing the free energy of a vicinal surface 
38
.  Step interactions arise from either 
entropic, elastic/electric, or dipole–dipole interactions and these subsequent interactions 
can be either repulsive or attractive in nature 
38
.  In regards to repulsive interactions, steps 
in a bunch attempt to maintain a certain distance from each other because step-step 
repulsive interactions balances the tendency to further compress the bunch 
39
.  The 
accumulation of steps in some areas can occur as a result of attractive interactions which 
subsequently leave step-free (or terraced) areas on a surface 
40
.  During the intermediate 
condition for the vicinal r-plane morphology progression, we suggest that step retreat 
near terraced regions (indicated by stars in the intermediate stages of vicinal r-plane 
morphology progression) become deterred as a result of migration of dissolution units 
from lower steps (indicated by circles).  These step interactions eventually lead to the 
development of ―macro‖-steps, i.e. a morphology which is more thermodynamically 
favorable.    
 However, the observed development of ―macro‖-steps may, in part, arise from 
interactions between trace impurities present in aqueous solution and existing step edges.  
For instance, with the use of AFM, Davies et al. 
41
 demonstrated how trace impurity ions 
(Mg
2+
) affect calcite growth mechanisms.  Comparisons between calcite step growth 
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velocities measured in pure (i.e. ―metal-free‖) solutions to those in Mg
2+
 spiked solutions 
revealed significant step speed inhibitory effects in which Mg
2+
 caused step pinning.  
Step pinning processes occur via impurity ion adsorption onto step-edges or through 
impurity ion accumulation on terraces ahead of migrating steps.  These phenomena 
thereby decrease the velocity of those steps.  Therefore, the observed development of 
―macro‖-steps for the vicinal r-plane surface may, to some extent, result from step 





Figure 11.  Proposed models for the progression of micro-topographic feature during dissolution in 





3.6.  Step rate coefficient determination 
 The data presented in Fig. 8 permits calculation of the step rate coefficient, 
   (cm/s), for calcite dissolution.  In doing so, we‘ve considered previous equations 
utilized to quantify mineral dissolution rates (e.g. Equations 23 from Xu et al. 
1
, Equation 
24 from Bose et al. 
19




           
(Equation 23) 
 
             
   
(Equation 24) 
 
In Equations 23 and 24,   is the step speed (cm/s),    is the step rate coefficient (cm/s),   
is the dissolution rate (mol/cm
2
/s),    is the step density (steps/cm),    is the step height 
(cm/step), and    is the molar volume of the mineral (cm
3
/mol).  Multiplying the step 
density by the step height gives the mean surface slope,  , as designated by Equation 25. 
 
        
(Equation 25) 
 
Substituting both the    expression from Equation 23 and the   expression from Equation 





         
        
(Equation 26) 
 




/s) vs.   in  Fig. 8 , (i.e. those 
corresponding to the vicinal r-B sample), were fit to the function           (fit not 
shown in Fig. 8) where the parameter    is the observed step rate coefficient (mol/cm2/s), 
a value easily generated by graphical fitting processes.  Assuming that the product of the 
terms   ,  , and   
   account for the observed step rate coefficient,   , Equations 27 and 
28 may be written. 
 
          
   
(Equation 27) 
 
          
(Equation 28) 
 
Since the slope of the vicinal r-plane surface (sample r-B) was determined to be 13 ± 3°, 
the value of   is known.  The value of    is also known from graphical fitting processes.  
Simple application of Equation 26 allows for a determination of the step rate coefficient 
  , in which case was 3.0 x 10
-2
 ± 0.2 x10
-2
 nm/s.   From in-situ AFM measurements of 
elementary step reactions of calcite, Xu et al. 
1
 reported step rate coefficients for obtuse 
and acute steps (       , and       ) at temperatures of 50, 60, and 70 °C  as well as 
activation energies,    (kJ/mol), for obtuse and acute step dissolution (25 ± 6 kJ/mol, and 
14 ± 13 kJ/mol respectively).  When comparing the value of    determined in this study 
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with averaged step rate coefficient values reported by Xu et al. 
1
 (~ 1.6 nm/s,  ~ 2.8 nm/s, 
and ~ 2.6 nm/s at 50, 60, and 70 °C respectively), we see that the value of    in the 
present work is significantly less than those reported by Xu et al. 
1
 (magnitude 
differences range from ~ 50 to ~ 100 from 50 to 70 °C).  However, one experimental 
difference that may have given rise to such large differences between step rate 
coefficients was the temperature range at which step rate coefficient data were acquired 
(20.2 ± 0.1 °C in this work, and 50, 60, 70 °C in Xu et al. 
1
).  The Arrhenius equation is 
useful for describing the temperature dependence of many reactions (Eq. 29) where   is 
the rate coefficient,   is the frequency factor or pre-exponential factor,    is the 















 (Equation 29) 
 
Equation 29 ultimately allows an opportunity for determination of the effect of 
temperature difference on the ratio of step rate coefficients, provided    is known. 
Many authors have reported    (kJ/mol) for calcite dissolution using a variety of 
experimental approaches (e.g. In-situ AFM methods 
1
 (   = 25 ± 6 kJ/mol for obtuse 
steps and 14 ±13 kJ/mol for acute steps), bulk rate-determining methods 
43
 (   = 46 ± 4 
kJ/mol), and rotating disk methods 
44
 (   = 59 ± 12 kJ/mol).  Given the large variability 
in reported activation energies for calcite dissolution, we‘ve utilized Equation 29 over the 
large range of reported   values to estimate the effects of temperature on the ratio of step 
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rate coefficients from those determined in this work (   = 3.0 x 10
-2
 ± 0.2 x10
-2
 at 20.2 ± 
0.1 °C) to those determined from Xu et al. 
1
. 
 Results from the approximations outlined above revealed step rate coefficient 
ratios that ranged from ~ 4 to ~ 10 over ~ 50 °C temperature difference.  These results are 
significant because they suggest that the large differences in step rate coefficients 
between those determined in this work (   = 3.0 x 10
-2
 ± 0.2 x10
-2
 at 20.2 ± 0.1 °C) and 
those reported by Xu et al. 
1
 are not simply due to large differences in  .  Instead, they 
suggest that the differences in step rate coefficients stem from vast differences between 
the behaviors of step bunches and elementary steps.  Remember, it is important to recall 
that the values utilized for calculating    in this study (i.e.  
 and  ) ultimately came from 
long-term chemical and microscopic data (e.g. ICP-OES data in ―steady rate region and 
post-dissolution AFM image in Fig. A6).  Thus,    represents a step rate coefficient 
which defines the movement of step bunches (i.e. ―macro-steps) rather than elementary 
steps.  Comparison of    in this study to the elementary step rate coefficients determined 
from Xu et al. 
1
 shows how step rate coefficients are highly morphology-dependent 
through the implicit dependence of   on step height.  Therefore, surfaces with step-










 Results from this study reveal how crystallographic orientations of calcite with 
higher kink and step densities (i.e., vicinal r-plane and c-plane samples) were associated 
with greater Ca
2+
 release, greater surface retreat, and greater initial transient dissolution 
rates than those with lower initial surface morphologies (i.e. r-plane samples).  However, 
under long-term conditions, the ICP-OES and AFM results confirm that calcite surfaces 
with different surface orientations have similar ―steady‖ rates (Fig. 6(a), Fig. 6(b), and 
Table 5) and will ultimately develop lower energy morphologies (Fig. 10).  ICP-OES and 
VSI results also demonstrate a non- linear relationship between the dissolution rate of 
calcite and solution saturation in which the step rate coefficient dramatically decreases 
around   values of ~ 0.4 — ~ 0.5.  Comparison of step rate coefficient,   , in this study 
to the elementary step rate coefficients determined from Xu et al. 
1
 exemplifies how step 
rate coefficients decrease under long-term conditions.  Therefore,    is highly 
morphology-dependent through the implicit dependence of   on step height since 
surfaces with step-bunched morphology dissolve much slower than surfaces comprised 
by elementary steps.  The results presented above are significant for predicting 
dissolution rates because they suggest that the ―steady‖ dissolution rate of any calcite 
facet will be similar to that of a surface with natively low energy surface morphology. 
 Further analyses should be continued to further test the general conclusion that the 
effects of crystal orientation are minimal on the ―steady‖ dissolution rates of calcite.  For 
instance, further ICP-OES, VSI, and AFM experiments involving the reactivity of r-
plane, vicinal r-plane, and c-plane samples under similar conditions could quantify the 
chemical and microscopic characteristics for each respective orientation.  This work lacks 
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extensive analyses of this type, i.e., limited analyses were conducted on vicinal r-plane 
samples.  Additional experiments involving vicinal r-plane samples across a wide   
range could also lead to a deeper understanding of how step rate coefficients change 
during dissolution processes.     
 We suggest that the observed ―steady‖ rates in this work were the result of 
surfaces with higher kink and step densities having the opportunity to develop lower 
energy morphologies (i.e. microfacets).  However, these rates are certainly affected by 
drastic changes in solution chemistry (i.e.   ), especially during low    experiments.  
The magnitude by which    affects ―steady‖ dissolution rates is not readily quantifiable 
under the experimental approach presented above.  To elucidate this problem, 
experiments involving r-plane, vicinal r-plane, and c-plane orientations should be 
conducted at constant   to eliminate any effect that changes in solution chemistry may 
have on calcite dissolution. 
 Furthermore, the reactive surface areas of calcite in this study were estimated by 
using the geometric surface area (    ) (i.e. that which is calculated from the crystal 
dimensions ignoring surface roughness).  Other surface area determining methods, such 
as the Brunnauer, Emmett, Teller method (    ), have also been utilized in surface 
reaction studies.  In      methods, the surface area is determined using gas adsorption 
isotherms 
45
.  However, both      and       do not provide specific chemical 
information about the reacting surface which, in turn, is essential for understanding 
mineral dissolution (or growth)  mechanisms and kinetics 
45
.  The use of      methods in 
this study may pose certain sources of error for ―steady‖ rate calculations since the 
sample surface roughness undoubtedly changed over the course of dissolution reactions.  
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To address this challenge, an analytical technique capable of measuring reactive surface 
area should be developed. 
 Additional AFM measurements should also be done to characterize 
morphological progressions of varyingly oriented calcite surfaces over time in a more 
frequent manner.  The AFM work in this study simply provided a ―before and after 
scenario‖ in which pre- and post-dissolution topographical characteristics of samples 
were quantified.  Acquiring AFM images of reacted samples more frequently would 
provide a better track of micro-topographic changes which could ultimately lead to 
further understanding of and/or development of models for calcite dissolution based on 
crystallographic surface orientation.  An in-situ AFM approach would further elucidate 
morphological development characteristics as well as provide real-time variations in step 














5.  SUPPLEMENTAL MATERIAL 
A.1.  Sample preparation: Mechanical surface polishing 
As a means to reduce the amount of time to polish c-plane samples, a Buehler 
Isomet
TM
 low speed saw was used to section approximately 2 mm thickness from the 
sample surface after samples had been cured.  Prior to polishing sequences, all samples 
were first sonicated in reagent grade ethanol, and then sonicated in deionized water 
(Milli-Q, 18.2 MΩ cm).  All samples were polished according to the five step abrasive 
sequence described in Table A1.   
 
Table A1.  Abrasive/polishing sequence for all samples using a MiniMet® 1000 
mechanical polisher, MiniMet® 1000 1 ¼-inch caged specimen holder, MiniMet® 
1000  polishing bowls, and glass platens.  
Polishing Stage Abrasive Pad Glass Platen Covering Lubricant Duration (mins.) 
Fine Grinding Silicon Carbide Silicon Carbide Milli-Q water 20 
 (320 grit) paper 
 
Fine Grinding Silicon Carbide Silicon Carbide Milli-Q water 20 
  (600 grit)  paper 
 
Intermediate Metadi® II Paste Trident® Cloth Lapping Oil   40                           
Polishing  (6 µm)  
 
Intermediate  Metadi® II Paste Trident® Cloth Lapping Oil   40                           
Polishing  (1 µm) 
 
Final Polishing Masterprep®   Nylon Cloth           Milli-Q water   40 
  (0.05 µm)              
  
The force applied by the mechanical polishing arm of the MiniMet® 1000 polisher was set 4 lbs 
during the fine grinding and intermediate polishing stages and was set at 2 lbs during the final 




 To help avoid cross-contamination of abrasives, one polishing bowl and glass platen 
were assigned to each of the five abrasive steps.  Appropriate abrasive pads and 
lubricants were utilized during the fine grinding, intermediate polishing, and final 
polishing stages.  The samples and the caged specimen holder were cleaned in between 
each of the abrasive steps through sonication in a particular solution.  For example, after 
fine grinding and final polishing steps, samples were sonicated in a saturated aqueous 
solution of calcium carbonate then rinsed briefly with Milli-Q water.  After the 
intermediate polishing stages, samples were first sonicated in reagent grade ethanol, then 
sonicated in the saturated calcium carbonate solution and finally rinsed briefly with Milli-
Q water.  The caged specimen holder was sonicated in Milli-Q water after each of the 
fine grinding and final polishing stages .  To remove the lapping oil lubricant used during 
each of the intermediate polishing stages, the caged specimen holder was first sonicated 
in reagent grade ethanol, and then sonicated in Milli-Q water.   
 The saturated aqueous calcium carbonate solution used during the polishing 
sequence was prepared by adding sufficient reagent grade calcite (10 micron particle 
size) to approximately 1 L of Milli-Q water such that the solution formed a white, cloudy 
suspension.  The solution was stirred, and allowed to equilibrate with ambient CO2 (pCO2 
= 3.8 x 10
-4
 atm) at ambient laboratory temperature.  The pH of the solution was 
measured using a calibrated electrode in order to verify that the pH predicted by 
MINTEQ software agreed with the experimental pH upon solution equilibration with 
CO2.  After reaching equilibrium, the solution was vacuum filtered and the filtrate was 




A.2.  Surface characterization:  Quantifying  , and   for c-plane samples  
 Procedural section 2.1 described how the initial preparation of c-plane samples 
involved mounting calcite crystals such that the crystallographic c-axis was nominally 
vertical, and how small degrees of tilt with respect to the c-axis ( ) and rotation about the 
c-axis ( ) should arise given this type of nominal mounting approach (Fig. A1).   
 
 
Figure A1.  Representations of   (a) and   (b) stemming from nominal mounting approaches of c-
plane samples.  
 
In order to quantify   and  , we‘ve developed a mathematical model by utilizing 
measureable parameters of the exposed triangular planes of c-plane samples after the 
final polishing step (i.e. the geometric surface area) and establishing the normal direction 
of the aforementioned plane in relation to the normal direction of the c-axis (Fig. A1(a)).  
In doing so, consider only the top part of a rhombohedral calcite crystal; a pyramid based 
on an equilateral triangle      (Fig. 2(a)).  Based on the calcite crystal structure, each 
of the three angles on the vertex   of the c-axis is 102°.  For the equilateral triangle (Fig. 
A2(a) and A2(b)), let the bases from   to  ,   to  , and   to   be length  , let each of 
the edge lengths from   to  , B to   and   to   be  , and the height of the pyramid be 




Figure A2.  Representations of the 3D pyramidal structure, (a). and (b),  and triangular cross-
sections, (c) and (d), considered for the derivation of tilt and rotational angles   and  .  (a) Top view 
of a three dimensional rhombohedral calcite crystal.  The crystallographic c-axis is oriented 
perpendicular to the page. 
 
Therefore, L and h can be represented by Equations A1 and A2.  
 
           
(Equation A1) 
 
      
 
 





A three dimensional coordinate system may be established by placing the origin at the tip 
of the pyramid  , and the middle of the equilateral triangle on the x-y plane.  
Representations of the x,y, and z axes in relation to equilateral triangle       are 
presented in Fig. A3. 
 
 
Figure A3.  Locations of the x,y, and z axes in relation equilateral triangle     .  The z-axis is 
perpendicular to the page. 
 
Assume that the positive z-axis is pointing downward, i.e. the z-values for points  ,  , 
and   are all positive.  The coordinates for points  ,  , and   that make up the equilateral 
triangle      (Fig. A2(a) and A2(b)) can be designated accordingly (Equation A3). 
 





   





   
          
 
  
    
(Equation A3) 
Next, assume that the exposed triangular planes of c-plane samples after the final 
polishing step is represented by the triangle         that lies above the equilateral 
triangle      (Fig. A4(a) and A4(b)).  In terms of the magnitude of lengths from points 
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  ,   , and    to the tip  , let          ≤  ,          ≤  , and         (i.e.     is 
closer to the tip   than   , and    is the farthest from the tip O.  From this assumption, 
points    and   must have the same three dimensional coordinates.  On the triangle 
       , let the side lengths be         ,         , and         . 
 
 
Fig. A4.  Top (a) and side (b) views of triangle  A’B’C’.   
 
Three dimensional coordinates for points   ,    and    can be designated accordingly by 
Equation A4. 
 








   








   
           
 
  
    
(Equation A4) 
 
Let the lengths from   to   ,   to   , and   to    be   ,   , and   respectively.  The faces 
of     ,     ,      are displayed in Figures A5(a), A5(b), and A5(c), and 
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application of the law of cosines on each face results in Equations A3, A4, and A5 which 
are pertinent for determining the values of   , and    [note that        








                





                




                
    






The quadratic formula can be used to solve for   from Equation A3 and    from Equation 
A4.  The values of    and    must be positive under the assumption that 0 <    ≤    <  . 
 
    
               
     
 
   
                       
 
         
 
       
   
                                
 
     
   
                                
 
       
 
[Note the trigonometric identity                    ]. 
 
           
                  
(Equation A8) 
 
The quantity    can be solved by a similar approach to yield Equation A9.  
 
           
                  
(Equation A9)   
 
Once the values of    and    are found, they can be plugged into Equation A5 to render 
Equation A8, which is a non-linear equation involving the measurable parameters  ,  , 




                              
 
                            
 
                                      
                          
(Equation A10) 
 
Numerical methods need to be applied to find approximate solutions for  .  With   found, 
we proceed to find the normal directions of the plane containing        .  By previously 
establishing three dimensional coordinates for   ,   , and   , vectors              and             can 
now be expressed. 
 
                
 
  








   
      




   
 
 
        
   




                
 
  








   
     
 




   
 
 
        
   
            
(Equation A12) 
 
The normal direction of the plane containing         can be calculated from the cross 
product between the two vectors above (Equations A13, A14, and A15). 
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(Equation A14) 
 
Applying the distance formula allows for the calculation of the magnitude of vectors 
(Equation A13). 
 







   
           
          
           
  
  
                
(Equation A15) 
 
Thus, the unit normal direction of the plane containing         is given by Equation 
A16, where   is the angle between    and the z-axis, and   represents the planar angle on 
the xy-plane between         and the y-axis.  When   is found from Equation A10, all of 
the quantities for    above are known and we can easily calculate the angles   and   to 
quantify tilt and rotation from the nominal mounting approach for c-plane samples. 
  
    




A.3.  Approximating    during dissolution experiments 
 Visual MINTEQ software was utilized to approximate the change in   (i.e.     
during the dissolution process for each calcite containing sample exposed to an aqueous 
solution at constant temperature with an initially defined   value, i.e.    .  In doing so, 








 utilized for the preparation of an 
aqueous solution with defined    (see Table 2) were first entered into the software 
species list.  Secondly, the software‘s titration feature was utilized to add small, specified 
molar amounts of calcite to the solution with defined    under the conditions of fixed 
CO2 partial pressure (pCO2 = 3.8 x 10
-4 
atm) and constant temperature.  The titration 
sweep yielded a MINTEQ-based spreadsheet which gave values of pH, saturation index 
with respect to calcite (SI), as well as molar concentration of total dissolved Ca
2+
 from 
each incremental addition of calcite.    
  The values of           were then calculated from the information given in the 
MINTEQ-based spread sheet which ultimately generated a pair of   / total dissolved Ca2+ 
data pairs for each incremental calcite addition.  Once obtaining these values, the 
MINTEQ-based spread sheet was used as a ―look up table‖ such that the time dependent 
[Ca
2+
] data points determined from ICP-OES analyses were compared to the MINTEQ-
based spread sheet to find a   / total dissolved Ca2+ data pair which closely matched the 
[Ca
2+
] measured by ICP-OES at time t.   
 Table 6 describes Visual MINTEQ-based   approximations at different time 
intervals for each experiment and the trend shows that during low     experiments, (e.g. 
those at   = 0.13, 0.17, and 0.21) the    values were significant compared to those at 
higher    (e.g.   = 0.47, 0.70, and 0.84).  Since the measured [Ca
2+
]‘s for experiments 
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ran at   = 0.70 and 0.84 exhibited [Ca2+]‘s that decreased overall by ~ 3%, the   values 
were expected to decrease by the same percentage.  When comparing    values for r-
plane and c-plane samples exposed to aqueous solutions with the same   , (e.g., c-A vs. 
r-A, c-B vs. r-C, etc.), we see that the r-plane orientations generally have larger    
values when compared to their c-plane counterparts.  This is due to the fact the calculated 
   values do not factor in the geometric surface area; thus, r-plane samples, which 
typically have larger geometric surface areas (refer to Table 2), reflect a greater    over 
the course of the dissolution reaction.  The values of    in Table 6 are both positive and 
negative, which ultimately reflects the competing kinetic effects between Ca
2+
 loss 
through adsorption and Ca
2+
 generation from dissolution processes.  Experiments 
conducted in the undersaturated region (e.g. 0.13 ≤   ≤ 0.21) demonstrate how the effects 
of Ca
2+
 adsorption are much less than that of the overall dissolution process, i.e. Ca
2+
 
generation dominates over Ca
2+ 
loss.  However, experiments conducted in the near 
saturated region (e.g. 0.47 ≤   ≤ 0.84) demonstrate the opposite effect, i.e. Ca2+ 











Table A2.  Approximate changes in  during each calcite dissolution experiment based on 
Visual MINTEQ simulations. 
Sample label    
*      
*   
*   Experiment duration (hours) 
 c-A 0.13  0.31 0.35 + 0.22 169.92   
 r-A 0.13 0.30 0.43 + 0.30 169.98 
 r-B
*
 0.17 0.43 0.73 + 0.56  169.72 
 c-B 0.21 0.22 0.28 + 0.07 168.08  
 r-C 0.21 0.33 0.38 + 0.17 168.02 
 c-C 0.47 0.41 0.42      0.05 404.87 
 r-D 0.47 0.47 0.48    + 0.01 405.13 
 c-D 0.70 0.63  —     — 404.33 
 r-E 0.70 0.64 0.68   0.02 404.52 
 c-E 0.84 0.81 0.82   0.02 168.45 
 r-F 0.84 0.81 0.81    0.03 168.25 
 
*
 r-B was deliberately tilted by 13  ± 3.0 °. 
*      = the value of   at ~ the halfway point of experiment. 
*   = the value of   at the end of experiment.  















A.4.  Procedure for calculating the mean surface slope ( ) of the vicinal r-plane 
sample 
 
Figure A.6.  Determining the miscut angle for sample r-B.          


















Figure A.7.  Typical (ICP-OES) calibration curve constructed using 0, 50, 100, 200, and 500 ppb Ca
+ 
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